Changes in the number of alveolar macrophages were correlated with organism burden during Pneumocystis carinii infection. The lungs of healthy, dexamethasone-treated, and dexamethasone-treated and P. cariniiinfected rats were lavaged with phosphate-buffered saline. Counting of alveolar macrophages in the lavage fluids revealed that P. carinii infection caused a 58% decrease in the number of alveolar macrophages and that higher P. carinii organism burdens caused a more rapid decrease in alveolar macrophage number. As a control, healthy rats were challenged with the same number of organisms as that normally used to generate P. carinii infections in dexamethasone-treated rats. Thirteen days after challenge, these rats had a profound (54%) increase in alveolar macrophage number in response to the challenge, while the number of alveolar macrophages in immunosuppressed and P. carinii-infected rats had decreased significantly by this time point. These experiments created the first animal model to mimic human pneumocystis pneumonia in alveolar macrophage number alterations. Reduction of P. carinii organism numbers by treatment of rats with trimethoprim and sulfamethoxazole brought a slow rebound in alveolar macrophage number, while recovery from P. carinii infection by cessation of immunosuppression brought a rapid rebound in alveolar macrophage number. These results suggest that both the immune state of the host and P. carinii burden affect alveolar macrophage number.
Immunosuppressed populations are at risk for developing a pneumonia caused by the opportunistic organism Pneumocystis carinii (renamed recently as Pneumocystis jiroveci for those strains that infect humans) (31) . P. carinii now refers to those organisms that infect rats (31) . Infection with pneumocystis organisms brings many changes in the lung environment, including decrease of phosphatidylcholine (27, 29) and increase of sphingomyelin (T. H. Su, V. Natarajan, and W. J. Martin II, abstract from the 1992 Int. Conf. Am. Lung Assoc./Am. Thoracic Soc., Am. Rev. Resp. Dis. 145:A246, 1992), surfactant proteins A and D (22, 26) and the adhesion proteins vitronectin and fibronectin (19) . Pneumocystis infection also causes increases in the production of the cytokines tumor necrosis factor alpha (11, 24, 37) , interleukin-8 (IL-8), IL-10, IL-12 (2, 39) , and gamma interferon (39) ; the growth factor granulocytemacrophage colony-stimulating factor (24) ; and the chemokine monocyte chemotactic protein 1 (2) but down-regulates the expression of the host transcription factor GATA-2 (33) . An inflammatory response (41, 43) that changes alveolar macrophage and polymorphonuclear cell populations (7, 42, 44) is also observed during pneumocystis infection.
In immunocompetent humans and animals, alveolar macrophages protect against pneumocystis infection by actively removing the organism from the alveolus. In contrast, it has been shown that alveolar macrophages from pneumocystis-infected animals do not phagocytose pneumocystis organisms to any significant degree (3, 13) . In addition to the defect in phagocytosis, the number of alveolar macrophages in humans with P. carinii pneumonia (PCP) has also been found to be reduced (7, 8, 13, 42, 44) . Young et al. (42) found that the numbers of both leukocytes and alveolar macrophages are low in the lungs of immunocompromised patients with PCP. This is unusual because alveolar macrophages are increased in other types of infections in immunocompromised patients (7) . Furthermore, the major surface glycoprotein (MSG or gpA) of pneumocystis organisms is chemotactic for normal blood monocytes (H. Koziel, J. Baik, M. Y. K. Armstrong, F. F. Richards, and R. M. Rose, abstract from the 1993 Int. Conf. Am. Lung Assoc./Am. Thoracic Soc., Am. Rev. Resp. Dis. 147:A33, 1993); it should have attracted blood monocytes to the lung and increased the alveolar macrophage number. Fleury et al. (7) further showed that alveolar macrophages are 69.5% of the total cell population in bronchoalveolar lavage (BAL) fluids from immunocompromised patients without PCP but are only 38.8% of the total cell population in BAL fluids from PCP patients with AIDS. The reduction in alveolar macrophage number was found in both human immunodeficiency virus-positive and -negative patients with PCP but was not observed in either human immunodeficiency virus-positive or -negative patients without PCP (7, 11) . A similar observation was reported by Sadaghdar et al. (28) , i.e., that alveolar macrophages account for 64% of total cells in BAL fluids from AIDS patients without PCP and only 45% in BAL fluids from AIDS patients with PCP.
Reduction in alveolar macrophages has not been shown in an experimental animal model of PCP, and the changes in alveolar macrophage number described to this point have been relative to other cell types. To investigate the problem, we determined whether the reduction in alveolar macrophage number also occurs in P. carinii-infected rats. Rats were inoculated with different numbers of P. carinii organisms, and the number of alveolar macrophages at different time points was determined. The effects of treatment for PCP and restoration of immune functions in P. carinii-infected rats on changes in alveolar macrophage number were also investigated. The results of these experiments demonstrated that the rat model of PCP mimics the disease in humans as to the decrease in the number of alveolar macrophages. Results also showed that the absolute number, not just the relative number, of alveolar macrophages was reduced in these animals and that the organisms present in the lung play a role in the regulation of alveolar macrophage number.
MATERIALS AND METHODS
Immunosuppressed rat model of PCP. Female Sprague Dawley rats (colony 202) were obtained from Harlan (Indianapolis, Ind.). The rats used in this study were housed in microisolator cages and divided into six groups: (i) healthy (immunocompetent) rats-rats supplied with regular drinking water and not inoculated with P. carinii; (ii) healthy challenged rats-rats supplied with regular drinking water and transtracheally inoculated with P. carinii; (iii) Dex rats-rats immunosuppressed with dexamethasone (0.36 mg/kg/day) in their drinking water; (iv) Dex-Pc rats-rats immunosuppressed with dexamethasone for 7 days, transtracheally inoculated with P. carinii, and then maintained on an immunosuppressive regimen by giving the same dose of dexamethasone (0.36 mg/kg/day) in their drinking water; (v) treatment rats-those which were immunosuppressed, transtracheally inoculated with P. carinii, allowed to develop an infection for 3 weeks, and then treated with trimethoprim-sulfamethoxazole (50 and 250 mg/kg of body weight/day, respectively) in dexamethasone-containing drinking water for 3 weeks; and (vi) recovery rats-those which were immunosuppressed, transtracheally inoculated with P. carinii, allowed to develop an infection for 3 weeks, and then switched to drinking water without dexamethasone for the rest of the study. P. carinii organisms were introduced into rat lungs by instillation of organisms directly into the bronchi using a 27-gauge needle inserted between cartilaginous rings of the trachea as previously described (1); rats were inoculated with 7.8 ϫ 10 6 , 3.9 ϫ 10 6 , 1.95 ϫ 10 6 , 9.8 ϫ 10 5 , or 7.8 ϫ 10 4 P. carinii trophozoites, termed the load or initial load. Additionally, some rats were inoculated with inoculum made from healthy rats not previously exposed to P. carinii as a control for the effects of host lung tissue on alveolar macrophage number.
Lavage of rat alveolar macrophages. At various time points, rats from each group were anesthetized with an intramuscular injection of 0.15 ml of ketamine cocktail (ketamine hydrochloride, 80 mg/ml; acepromazine, 1.76 mg/ml; atropine, 0.38 g/ml). The thoracic cavity and trachea of anesthetized rats were exposed by dissection and cutting away of the ribs. Five milliliters of pyrogenfree, sterile phosphate-buffered saline (PBS) (pH 7.4, warmed to 37°C) was injected into the lungs with a 10-ml syringe via a 14-gauge angiocatheter (Becton Dickinson, Franklin Lakes, N.J.) and recovered to a sterile 50-ml centrifuge tube. Lavage was continued with 7-to 10-ml aliquots of PBS until a total of 100 ml of lavage fluid was recovered from each rat. The lavage fluid was centrifuged at 300 ϫ g for 5 min at 25°C, and the pelleted cells were resuspended to 1.5 ϫ 10 6 /ml in media containing RPMI 1640 (Sigma Chemical Co., St. Louis, Mo.) supplemented with 10% fetal bovine serum, 1 mM pyruvate, 1% nonessential amino acids, 14 mM glucose, 17.9 mM NaHCO 3 , 10 mM HEPES, penicillin (100 U/ml), and streptomycin (0.1 mg/ml). Lavaged cells were identified by morphology or by cell-type-specific staining (anti-rat macrophage activator [anti-RMA] antigen for alveolar macrophages) and counted on hemocytometer.
Identification of alveolar macrophages by anti-RMA immunocytochemistry. To confirm the identity of lavaged cells, the cells were reacted with a monoclonal antibody against the RMA (BD Pharmingen, San Diego, Calif.). Anti-RMA antibody reacts with a 120-kDa cell surface antigen found on rat alveolar macrophages and a small subset of pulmonary dendritic cells (40) . An aliquot of the lavage sample containing 30,000 to 50,000 cells was placed on a Superfrost ϩ slide (Fisher, Pittsburgh, Pa.) by the cytospin method (Cytospin II; Shandon Instruments, Pittsburgh, Pa.) at 750 rpm (65 ϫ g) for 5 min. The slides were air dried, fixed in methanol for 1 min, and incubated for 5 min with 1 part 3% H 2 O 2 and 4 parts methanol to inactivate the endogenous peroxidase activity, and this was followed by a wash in PBS. The slide was covered with blocking buffer (10% fetal bovine serum and bovine serum albumin [0.5 mg/ml] in PBS) for 1 h at 25°C in a humidified chamber and then drained, but not rinsed. The anti-RMA antibody was diluted 1:10,000 in PBS and placed on the slides for 1 h at 25°C in the same humidified chamber. The slides were washed in blocking buffer four times, and the secondary antibody (rabbit anti-mouse immunoglobulin G, peroxidase conjugated) (Sigma Chemical Co.) was diluted 1:500 in PBS and placed on the slides for 45 min at 25°C in the humidified chamber. The slides were washed four times in PBS and once in 50 mM Tris-HCl (pH 7.4) for a total of 30 min. The bound antibody was visualized by incubating the cells with diaminobenzidine (DAB) solution (DAB liquid substrate dropper system; Sigma Chemical Co.) for 2 min. The reaction was enhanced by addition of cobalt chloride to a final concentration of 0.03% (wt/vol) in the DAB solution. Cells that reacted with the anti-RMA antibody showed a punctate blue or black precipitate on the cell membrane and were 20 to 25 m in diameter with a large U-shaped nucleus and a distinct nucleolus, irregular and shaggy cell margins, and visible granules within the cytoplasm. These morphological properties are characteristic of macrophages. Large cells with segmented nuclei not stained by the anti-RMA antibody were identified as neutrophils, and small, anti-RMA unreactive cells with large nuclei were identified as lymphocytes.
Enumeration of alveolar macrophages in situ. Lungs of healthy, Dex, or Dex-Pc rats were removed after anesthetization and cardiac exsanguination. Some rats were subjected to BAL with 100 ml of PBS prior to cardiac exsanguination. The lungs were fixed in 4% paraformaldehyde, paraffin embedded, and sectioned by microtome. Five-micrometer-thick lung sections were stained with Grocott methenamine-silver nitrate stain to visualize the granules of alveolar macrophages. Alveolar macrophages were identified by size, morphology, location inside the alveolus and the presence of dark granules. At least 50 oil immersion microscopic fields (magnification, ϫ1,000) were analyzed from three different lung sections separated by more than 200 m and from at least three different rats of each experimental condition. Results were expressed as the number of alveolar macrophages per thousandfold-magnified oil immersion field.
Analysis of infection in rats transtracheally inoculated with P. carinii. At various time points after inoculation with P. carinii, animals were anesthetized as previously described (1) and exsanguinated by cardiac puncture, and their lungs were removed. Severity of P. carinii infection was determined by scoring numbers of organisms on histochemically stained impression smears of lung tissue. The smears were stained with Wright's-Giemsa stain for both trophozoite and cyst forms and with Grocott methenamine-silver nitrate stain for cyst forms (1). The slides were examined as unknowns by two experienced microscopists. An infection score for each slide was determined by using the following roughly logarithmic scale: 5 ϩ was more than 100 organisms per thousandfold-magnified field, 4 ϩ was 11 to 100 organisms per thousandfold-magnified field, 3 ϩ was 1 to 10 organisms per thousandfold-magnified field, 2 ϩ was 2 to 9 organisms in 10 thousandfold-magnified fields, 1 ϩ was one or more organisms in 50 thousandfold-magnified fields, and 0 was no organisms in 50 thousandfold-magnified fields (1). These scores are termed the burden or organism burden, representing P. carinii organism number in infected lungs.
Statistics. Determinations of significant statistical difference are made using a one-way analysis of variance method for multiple samples or Student's t test for comparison of two samples where appropriate. The SigmaStat (Jandel Scientific, San Rafael, Calif.) software package was used to make these calculations.
RESULTS

Percentages of various immune cells in BAL fluid.
In three trials where 300 cells were counted on each cytospin-treated slide after reaction with anti-RMA antibody, an average (mean Ϯ standard deviation unless otherwise specified) of 98% Ϯ 1.30% of nucleated cells in BAL fluid obtained from healthy rats 56 days after arriving at our facility (49 days postinoculation for Dex-Pc rats) were alveolar macrophages. A similar percentage (97.4% Ϯ 1.76%) of alveolar macrophages was seen in BAL fluid from Dex rats, while only 42.9% Ϯ 1.12% of lavaged cells from Dex-Pc rats were alveolar macrophages. A small percentage of BAL cells from healthy (3.38% Ϯ 0.51%) and Dex (0.39% Ϯ 0.21%) rats were lymphocytes. A slightly higher percentage (5.62% Ϯ 0.77%) of lymphocytes were seen in BAL fluid from Dex-Pc rats. This small increase in lymphocyte number in Dex-Pc rats has also been reported previously (7, 8, 13, 42, 44) but was not statistically significant compared to those observed in healthy rats in this study. Neutrophils represent only 0.42% Ϯ 0.09% and 0.56% Ϯ 0.41% of total BAL cells from healthy and Dex rats, respectively, but are 50.6% Ϯ 1.11% of those from Dex-Pc rats as described previously (14, 44) .
Number of lavaged alveolar macrophages. Rats were maintained as immunocompetent or immunosuppressed for 7 days with dexamethasone and then transtracheally inoculated with P. carinii. The largest inoculation dose was the normal load (7.8 ϫ 10 6 trophozoites) used in the originally described model (1). Other doses were equal to 0.5 times (3.9 ϫ 10 6 trophozoites), 0.25 times (1.95 ϫ 10 6 trophozoites), 0.125 times (9.8 ϫ 10 5 trophozoites), or 0.01 times (7.8 ϫ 10 4 trophozoites) this load.
The lungs of healthy rats were lavaged to establish a baseline number of alveolar macrophages. In 14 healthy rats examined on day Ϫ7, the average number (mean Ϯ standard deviation) of alveolar macrophages obtained from 100 ml of lavage fluid was (4.73 Ϯ 0.76) ϫ 10 6 . Some healthy rats were housed for 48 days (the entire length of the study) before their alveolar macrophages were counted to control for possible changes due to increased weight, size, and age of these rats. These rats had an average of (4.47 Ϯ 0.36) ϫ 10 6 alveolar macrophages, statistically no difference from those lavaged at the beginning of the study (Table 1) . Healthy rats transtracheally inoculated with inoculum made from uninfected rats showed no change in alveolar macrophage number over the course of the study, indicating that syngeneic host tissue had no effect on host response (data not shown). Dexamethasone treatment alone did not significantly reduce the number of alveolar macrophages lavaged from rats. Seven days after initiation of immunosuppression, designated day 0, the number was reduced by only 6%, from (4.73 Ϯ 0.76) ϫ 10 6 to (4.43 Ϯ 0.26) ϫ 10 6 (P ϭ 0.2805 versus the value for healthy rats). At subsequent time points (days 6, 13, 20, 27, 34, and 41), the number of alveolar macrophages lavaged was very close to that of day 0 (Table 1) . Immunocompetent rats inoculated with P. carinii (healthy challenged rats) responded by increasing the number of alveolar macrophages. Six days (day 6) after inoculation with 7.8 ϫ 10 6 trophozoites, these rats showed a slight increase in alveolar macrophage number [from (4.56 Ϯ 0.46) ϫ 10 6 to (4.78 Ϯ 0.10) ϫ 10 6 , P ϭ 0.3902 versus the value for healthy rats at day 6]. Thirteen days (day 13) after inoculation, the number of lavaged alveolar macrophages increased significantly to (6.85 Ϯ 0.26) ϫ 10 6 (P ϭ 0.0002 versus Dex rats at day 13 (Table 1 ). Similar to those inoculated with 7.8 ϫ 10 6 trophozoites, immunocompetent rats inoculated with lesser doses (0.5 or 0.25 times the normal load) of P. carinii also showed increases in alveolar macrophage numbers (Table 1 ). For both of these two inoculation loads, the increase in alveolar macrophage number occurred 6 to 13 days after transtracheal inoculation of organisms. By day 34, the number of alveolar macrophages in these two groups of rats had returned to normal levels. Interestingly, immunocompetent rats inoculated with 0.125 times the normal load (9.8 ϫ 10 5 trophozoites) showed no increase in alveolar macrophage number over the 34-day period studied (Table 1) .
In direct contrast to the response in immunocompetent rats challenged with P. carinii, immunosuppressed rats inoculated with P. carinii trophozoites (Dex-Pc rats) displayed decreased numbers of alveolar macrophages. Dex-Pc rats inoculated with a full load of trophozoites showed a 56% decrease in alveolar macrophage number 6 days after inoculation [from (4.23 Ϯ 0.06) ϫ 10 6 to (1.88 Ϯ 0.14) ϫ 10 6 ] compared to Dex rats. Alveolar macrophage numbers in the Dex-Pc rats stayed low throughout the remaining study period (Table 1) . Dex-Pc rats inoculated with 0.5 times the normal load showed similar patterns of decrease in alveolar macrophage number (Table 1) .
Lower initial inoculation loads brought similar decreases in alveolar macrophage number, but at later time points (Table  1) . A load of 0.25 times the normal did not affect alveolar macrophage number until day 13. At day 6, alveolar macrophage number was normal [(4.51 Ϯ 0.13) ϫ 10 6 ], but at day 13 it was reduced to (2.21 Ϯ 0.36) ϫ 10 6 (P ϭ 0.0004 versus Dex rats at day 13). As with larger initial loads, once the macrophage number decreased, it remained low throughout the course of disease (Table 1) . Dex-Pc rats inoculated with 0.125 times the normal load displayed patterns similar to those of rats inoculated with 0.25 times the normal load. Alveolar macrophage numbers in those inoculated with 0.01 times the normal load did not significantly decrease until day 27 ( Table 1) .
Correlation of alveolar macrophage number with P. carinii burden. At each time point when alveolar macrophage numbers were assessed, the P. carinii organism burden was also determined. Impression smears of P. carinii-infected rat lung tissue were stained to count organisms. Both trophozoites and cysts were counted. In most instances, there were 95 to 99% trophozoites and 1 to 5% cysts. Healthy challenged rats did not develop organism burdens with a score greater than 1.5, regardless of the initial inoculation load. Healthy rats inoculated with the largest load of P. carinii first showed small increases in organism burdens 6 days after inoculation (Fig. 1A) . These rats began to clear the organisms between day 34 and day 41, as evidenced by reduced organism burden (Fig. 1A) . Lower initial loads translated to lower organism burden over time, but the increases and decreases in organism number showed a pattern similar to the highest inoculation load. The increase in alveolar macrophage number that was noted by day 13 in rats inoculated with the three largest loads, was preceded by an increase in organism burden by day 6 in each case (Fig. 1) . The return of alveolar macrophages to normal levels toward the end of the study period preceded a decrease in organism number by at least 6 days. Interestingly, a measurable organism burden remained even when the alveolar macrophage number returned to the normal level. In the case of 0.125 times the normal load, there was no increase in alveolar macrophage number throughout the entire study period (Fig. 1D) , even though the organism burdens were comparable to those inoculated with 0.25 times the normal load at various time points.
FIG. 1. Correlation of P. carinii (Pc) burden with alveolar macrophage (AM) number in healthy challenged rats with different loads of P. carinii.
The y axis is the scale of both P. carinii burden and macrophage numbers. The scale for the organism burden is the actual number shown, whereas that for alveolar macrophage numbers is the number shown on the scale multiplied by 10 6 . Both alveolar macrophage and P. carinii organism numbers shown are averages derived from results for at least three rats of each experimental condition (error bars, standard deviations). The rats were inoculated at day 0 with different loads of P. carinii: 7.8 ϫ 10 6 trophozoites (1 times the normal load) (A), 3.9 ϫ 10 6 trophozoites (0.5 times the normal load) (B), 1.95 ϫ 10 6 trophozoites (0.25 times the normal load) (C), and 9.8 ϫ 10 5 trophozoites (0.125 times the normal load) (D).
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Dex-Pc rats, as with healthy challenged rats, had low organism burdens soon (day 6) after inoculation (Fig. 2 ), but they developed progressive, severe infections over the next 34 days, regardless of the initial inoculation load. Significant differences in organism burden between healthy challenged rats and Dex-Pc rats were evident by day 20 or day 27 (P Ͻ 0.05, at day 20 for the two largest initial loads and at day 27 for 0.25 and 0.125 times the normal load).
Generally, decreases in alveolar macrophage number preceded significant increases in organism number (Fig. 2) . In the three largest initial loads, the alveolar macrophage number was significantly reduced by day 6 to 13, while the organism burden was significantly increased by day 13 to 27. In addition, once the alveolar macrophage number decreased to approximately 1.85 ϫ 10 6 , increases in organism number did not have any additional effect on macrophage number.
Number of alveolar macrophages in rat lung sections before and after lavage. To confirm that alveolar macrophage number is reduced in the lungs of Dex-Pc rats, alveolar macrophage numbers in lung sections were determined. Five-micrometerthick sections were cut from paraformaldehyde-fixed lung tissues of healthy, Dex, and Dex-Pc rats. Some of these rats were subjected to BAL prior to removal of the lungs. The sections were stained with silver stain to visualize P. carinii cysts and the cytoplasmic granules of alveolar macrophages. Alveolar macrophages in at least 100 alveoli from more than three rats of each condition were counted, and the number was expressed as the average number of alveolar macrophages per thousandfold-magnified oil immersion field. Sections of lungs from rats before and after lavage were assessed.
Lung sections of Dex-Pc rats were from those inoculated with the full load (7.8 ϫ 10 6 trophozoites) at the day 6 time point. This time point was chosen because the alveoli had not completely filled with P. carinii organisms and exudates so that alveolar macrophages could still be identified and counted. Dex rats had an average of 2.96 Ϯ 0.23 alveolar macrophages per thousandfold-magnified field before lavage and 0.249 Ϯ 0.04 alveolar macrophages after lavage. Healthy rats had similar patterns: 3.05 Ϯ 0.26 and 0.234 Ϯ 0.04 alveolar macrophages before and after lavage, respectively (P ϭ 0.2532). Lung sections from Dex-Pc rats had many fewer macrophages (1.06 Ϯ 0.07) before lavage, but a similar number of macrophages remained in the rat lung sections after lavage (0.22 Ϯ 0.03; P ϭ 0.318), agreeing well with our results derived from BAL fluids.
The significant reduction in alveolar macrophage number in Dex-Pc rats before lavage compared to both Dex and healthy rats (P ϭ 0.0002) indicates that fewer alveolar macrophages are indeed present in the lungs of Dex-Pc rats. The observation that similar numbers of alveolar macrophages were present in lung sections of all three groups of rats after lavage indicates that the decrease in macrophage counts in lavage samples are Representative lung sections of each condition are shown in Fig. 3 . Lung sections from healthy and Dex rats had numerous alveolar macrophages before lavage. The lavage process removed nearly all of those cells. Sections of Dex-Pc rats had few alveolar macrophages before lavage and very few alveolar macrophages after lavage, indicating that the lavage process also removed them all.
Alveolar macrophage number in treatment and recovery. Experiments were then performed to determine whether the alveolar macrophage number would return to normal levels in Dex-Pc rats when P. carinii organisms were eradicated by drugs or by restoration of host immune functions. Dex-Pc rats were treated with trimethoprim-sulfamethoxazole (50 and 250 mg/ kg/day, respectively) starting on day 21 after inoculation with various loads (1, 0.5, 0.25, and 0.125 times) of P. carinii trophozoites. After 6 days of treatment (day 27), alveolar macrophage number rebounded in animals that received 1, 0.5, or 0.25 times the normal load, but in each case this increase did not return to the level observed in Dex rats (Table 1) . In those inoculated with 0.125 times the normal load, a significant increase in alveolar macrophage number was not noted until 13 days (day 34) after initiation of treatment. Further increase in alveolar macrophage number was observed after 20 days (day 41) of treatment (Table 1) .
In treatment rats, the degree of increase in alveolar macrophage number correlated with the initial inoculation load. After 6 days (day 27) of treatment, alveolar macrophage numbers were increased the most in animals that received full initial loads (76.0% increase), while those inoculated with 0.5 and 0.25 times the normal load had smaller increases (71.6 and 29.3% increases, respectively). Thirteen days (day 34) after initiation of treatment, rats that had received the three larger loads (1, 0.5, and 0.25 times) showed further increases in alveolar macrophage numbers, but these numbers remained below the level observed in the Dex rats. A further increase in alveolar macrophage number was observed after 20 days (day 41) of treatment in all rats ( Table 1) . As observed at other time points, in no treatment group did this increase equal the number noted in the Dex rats at this time point (P Ͻ 0.05).
Recovery rats, those which were allowed to recover their immune systems by removing dexamethasone from their drinking water after 21 days of infection, also showed a large rebound in alveolar macrophage number at 6 days of recovery (day 27) ( Table 1) . For the full load condition, 6 days after initiation of recovery, the alveolar macrophage number increased to (6.16 Ϯ 0.10) ϫ 10 6 . This is above that of the healthy or Dex rats (Table 1 ; P Ͻ 0.05 versus healthy or Dex rats at day 27). Those that received the lower three doses of P. carinii also increased their alveolar macrophages to or above the control level after 6 days of recovery. After 6 days of recovery (day 27), the alveolar macrophage numbers in the animals that received the lower three doses of P. carinii also increased to the control level or more (Table 1) .
Thirteen days (day 34) after cessation of immunosuppression, the animals that had received a full load of organisms had a significant reduction in alveolar macrophage numbers [(5.18Ϯ 0.18) ϫ 10 6 ] compared to the day 27 levels [(6.16Ϯ 0.1) ϫ 10 6 ] (P ϭ 0.0011), but these numbers remained above control levels (Table 1) . In contrast, animals that had received the three lower loads showed a further increase in alveolar macrophage number from day 27 to day 34. At day 41 (20 days of recovery), the alveolar macrophage number in rats inoculated with the three larger loads was reduced (Table 1) . Only in the group that received 0.25 times the normal load was the alveolar macrophage number greater than those observed in healthy or Dex controls after 20 days of recovery. Compared to FIG. 3 . Alveolar macrophages in lung tissue before and after BAL. Lungs sections from healthy (Normal), dexamethasone-treated (Dex.), and P. carinii-infected (Infected) rats before and after lavage were assessed for alveolar macrophage number. Upper panels are sections of lungs before lavage, and lower panels are those after lavage. Arrows indicate alveolar macrophages.
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drug-treated rats, recovery rats showed significantly more alveolar macrophages for each condition tested at each time point (P Ͻ 0.05). Correlation of alveolar macrophage number with P. carinii burden during treatment and recovery. An increase in alveolar macrophage number was seen in Dex-Pc rats infected with 1, 0.5, and 0.25 times the normal loads after only 6 days (day 27) of treatment with trimethoprim-sulfamethoxazole despite increases in P. carinii organism burden over this same time period (Table 1 ; Fig. 4 ). The alveolar macrophage number continued to increase as the organism burden began to decrease (Fig. 4) . Rats inoculated with 0.125 times the normal load and treated starting on day 21 showed no immediate increase in alveolar macrophages but a slight increase in organism burden 6 days after initiation of treatment, and this was followed by a slow increase in macrophages and a slight decrease in organism burden. It is important to note that over this same time period, and in all initial loads tested, the organism number decreased over time, but the infection was never completely cleared (Fig.  4) .
Compared to treatment rats, recovery rats showed faster, more-dramatic increases in alveolar macrophage number, but this did not result in a faster resolution of infection (Fig. 5) . In each inoculation group, recovery rats had organism burdens lower than those observed in treatment rats at 6 (day 27) and 13 (day 34) days after cessation of immunosuppression, suggesting that recovery of the immune system is more effective than drug treatment at controlling P. carinii number. However, both recovery and treatment rats had similar organism burdens in all inoculation groups at day 41 (20 days of treatment or recovery).
During the first 6 days of recovery, the organism burden increased in all inoculation groups except in those inoculated with 0.5 times the normal loads, in which there was a slight decrease in organism number. At the point when alveolar macrophage number was the highest (6 days for 1 times the normal and 13 days for 0.5, 0.25, and 0.125 times the normal load after cessation of immunosuppression), the organism burden was also the greatest. The organism burdens in all inoculation groups were not reduced to zero even though the macrophage number was increased to normal or above-normal levels (Fig. 5) .
DISCUSSION
Several studies in the 1980s and 1990s showed that the number of alveolar macrophages in BAL fluid from AIDS patients with PCP was reduced relative to other cell types (7, 8, 11, 42, 44) . It was unknown whether this change is due to a decrease in the number of alveolar macrophages or an increase in other cell types. In this study, we determined the absolute number of alveolar macrophages in BAL fluid and found that there is a 58% decrease in the absolute number of alveolar macrophages in Dex-Pc rats compared to immunosuppressed, noninfected rats. Several methods were used to confirm that the alveolar macrophage number in Dex-Pc rats was reduced. Absolute numbers of alveolar macrophages in BAL fluid from Dex-Pc rats were counted and compared to those for uninfected controls. Alveolar macrophages were also counted in sections of infected and control lungs to confirm that in situ counts correlate with counts in BAL fluid (Fig. 3) . Finally, the percentages of alveolar macrophages, relative to other immune cell types, in BAL fluids were determined. In all cases studied, alveolar macrophages were decreased only in immunosuppressed, Dex-Pc rats; immunosuppression alone did not lower the number or percentage of these cells. Late in the infection, the number of neutrophils increased while the number of alveolar macrophages remained decreased. The role of neutrophils in the host response and inflammation associated with PCP is discounted because the increase occurs only very late in infection in AIDS patients (15) , but neutrophil number does correlate inversely with prognosis in these patients (5, 18) . Previous investigations of alveolar macrophage numbers in PCP had been conducted with samples from human patients. Although the information is useful, it is not possible to manipulate the parameters of infection, treatment, or host response in humans to further investigate this phenomenon. An animal model of PCP in which the alveolar macrophage number decreases during P. carinii infection in a fashion similar to that in human PCP is needed. The present study of rats shows that alveolar macrophages are 42.9% of the total cells in BAL fluid during PCP. These results agree well with previous studies of humans with PCP, which showed that percentages of alveolar macrophages in PCP are between 38.7% (7) and 45% (28) . Therefore, this study represents the first evidence that the alveolar macrophage number in a rodent model of PCP is reduced just as it is in the human form of the disease. This discovery will enable further studies to investigate the possible mechanisms for the decrease in alveolar macrophage number during P. carinii infection.
The decrease in alveolar macrophage number occurred very early in this model of P. carinii infection. Six days after inoc- ulation with 7.8 ϫ 10 6 P. carinii trophozoites, Dex-Pc rats lost 58% of their alveolar macrophages (Fig. 2) . The decrease in alveolar macrophage number noted in these rats is even more profound when compared to the response of healthy rats challenged with the same number of P. carinii trophozoites. These healthy challenged rats responded to P. carinii with alveolar macrophage numbers increased by 54% (Table 1) . Therefore, the total decrease in alveolar macrophage number in Dex-Pc rats is the decrease in these rats plus the increase in healthy challenged rats.
In trimethoprim-sulfamethoxazole-treated rats, the alveolar macrophage number was slowly increased, and this was followed by a decrease in organism burden over the 21 days of treatment (Fig. 4) . This rebound in alveolar macrophage number takes place in the presence of continued immunosuppression; therefore, the only variable in this system is the change in organism number. A swifter increase in alveolar macrophages was observed in recovery rats (Fig. 5) . In addition, larger initial loads resulted in a more rapid decrease in alveolar macrophage number (Table 1) , and smaller loads (0.125 times the normal load) of P. carinii caused no increase in alveolar macrophage number in healthy rats (Fig. 1D) . Taken together, these results suggest a strong relationship between the organism burden and the alveolar macrophage number in the host. We conclude that the P. carinii organism number is partially responsible for the control of alveolar macrophage number in infected and challenged hosts.
The decrease in alveolar macrophage number is significant in the host response to the organism. The alveolar macrophage is an important cell for the removal of P. carinii from the alveoli. The alveolar macrophage phagocytoses the organism (6, 15, 16) and liberates reactive oxygen and cytotoxic metabolites in response to P. carinii (36) . Loss of the alveolar macrophage population may diminish the removal of P. carinii from the lower respiratory tract, permitting proliferation of the organism (15) . In addition, the alveolar macrophage plays a role in limiting the inflammatory response in the lung (9, 10, 20) . Alveolar macrophage also regulates the antigen processing ability of dendritic cells (12) and limits the proliferation and function of lymphocytes (9, 20) . With a loss of alveolar macrophages, the regulation of the inflammatory response is compromised, which may lead to the fulminant inflammation and pulmonary damage seen in PCP.
There may be many causes for the decrease in alveolar macrophage number. P. carinii infection may cause alveolar macrophages to die or to leave the lung, thus reducing the number of alveolar macrophages. Lack of recruitment of macrophages or peripheral blood monocytes to the lung is another possibility. The epithelial lining of alveoli, in particular the type II pneumocyte, releases chemokine RANTES (35) , monocyte chemotactic protein 1 (23, 30) , and granulocyte-macrophage colony-stimulating factor (4). Removal of any of these factors may decrease alveolar macrophage chemotaxis (21) . Alveolar epithelial cells also produce significant amounts of the complement factor C5 (38) ; its cleavage product, C5a, is a powerful chemoattractant for macrophages and monocytes. If C5 is depleted in the lung, there would be a decrease in alveolar macrophage migration (17) . Since there is significant damage to the alveolar epithelial cells during PCP (41) , the production of chemoattractants would be diminished. There may also be decreased differentiation of monocytes to alveolar macrophages during P. carinii infection. Our recent discovery of GATA-2 down-regulation in resident lung monocytes during P. carinii infection (32) supports this possibility, since GATA-2 regulates differentiation (25, 32, 34) .
